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To overcome the nonideality of the model presented by Hsu, who assumed that soybean grains suffered
no change in volume during hydration, a distributed parameter model was developed following an
approach similar to that used by Hsu, but considering that the grain volume varies as a function of hydra-
tion time. This new model presents more complex numerical solution and it was compared with the ori-
ginal Hsu model at constant volume. The models were ﬁtted to experimental measurements of moisture
content of soybean grains over time by the least squares method. The results showed that the volume of
soybean grains increased 30% from the beginning to the end of hydration and the effective diffusivity val-
ues of the variable volume model were about ten times larger than those obtained from the Hsu model,
indicating that the hypothesis of constant volume adopted by Hsu is unrealistic and leads to considerable
errors in the estimation of effective diffusivity of water in soybean grains. In addition, an analysis of the
behavior of the effective diffusion coefﬁcients as a function of temperature and moisture content was
performed.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
The model of Hsu (1983) was one of the ﬁrst distributed param-
eter models presented in literature for the analysis of grain hydra-
tion, having the effective diffusivity of water in the grain as its
most important parameter. Although this model has been success-
fully used to describe the distribution of moisture within the grains
over time, the hypothesis of constant volume assumed by the
author seems to be at odds with the behavior observed experimen-
tally, as most of the grains present signiﬁcant volume variation
during hydration. Coutinho (2006) demonstrated experimentally
that the increase in volume from the beginning to the end of soy-
bean grains hydration could reach 30%. This variation is signiﬁcant
and should be considered in modeling the soybean hydration pro-
cess so that the adjusted parameters are realistic.
In order to obtain parameters for the hydration of soybean
grains of a cultivar that was different from that used by Hsu
(1983) and Coutinho et al. (2010b) applied Hsu model to soybean
hydration and compared the results with those obtained by Hsu.
In this work, the intention was to obtain more realistic parameters,
since Hsu performed his experiments with relatively short hydra-
tion times, obtaining equilibrium moisture content data of ques-
tionable veracity. Coutinho et al. (2010b) performed longer
experiments to overcome this difﬁculty. Their model assumed that
the volume of the grains did not change during hydration. Otherx: +55 44 3011 4793.
sevier OA license.authors have also dedicated themselves to the study of grains
hydration without considering the volume increase caused by
water absorption (Engels et al., 1986; Gowen et al., 2007; Dutta
et al., 2008; Lin, 1993; Sayar et al., 2001).
Several authors have proposed the investigation of food hydra-
tion considering the fact that, when water is absorbed, there is an
increase in volume. Among them Coutinho et al. (2005) proposed a
phenomenological model with lumped parameters for the hydra-
tion of soybean grains and developed a radius versus time relation
that was inserted into the differential equation that describes the
process.
Another lumped model developed by Coutinho et al. (2007) as-
sumed that the change in volume was proportional to the mass
gain during water absorption by the soybean grain, making it nec-
essary to know the Rp versus time relation.
Some authors have investigated food hydration taking into con-
sideration the variation of volume, but none of them used soybeans
and the focus was mostly on drying, which is the reverse of hydra-
tion. Among these are the works of Simal et al. (1996) for the dry-
ing of grapes, Rahman and Kumar (2011) for the drying of
cylindrical potatoes and Del Nobile et al. (2003) for the spaghetti
hydration kinetics during cooking. Aguerre et al. (2008) proposed
mathematical methods taking into consideration shrinkage during
drying or swelling during hydration.
In this context, the objective of the present study was to com-
pare the mathematical model at constant volume of Hsu (1983)
with a similar approach, but taking into consideration the variation
of the volume of the grains during the hydration process and to
solve the models numerically. Both models had their effective
Nomenclature
D diffusion coefﬁcient
Deff effective diffusion coefﬁcient
D0 pre-exponential factor
i index of summation
k1 exponential factor
N divisions in the radial coordinate
a0–a5 correlation coefﬁcient
r radial coordinate
R grain radius
Rp grain radius as a function of time
t time
teq equilibrium time
T temperature
X moisture content
X average moisture content calculated by the models
Xeq equilibrium moisture content
Xexp experimental moisture content
Xmax maximum moisture content
X0 initial moisture content
b saturation rate
dr radius increment
qDS density of dry solid
/ quadratic residue
/m average quadratic residue
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and moisture content.
2. Materials and methods
The experimental data used for the validation of the models was
obtained by Coutinho (2006) as described below:
The equipment consisted of a thermostatic bath in which a rect-
angular aluminum container with soybean samples of 10% initial
moisture content (by weight) was placed.
2.1. Hydration experiments
Experiments were conducted as follows:
(1) Pretreatment:
(a) Samples were exposed to ultraviolet light for 30 min.
(b) A dilute sodium benzoate solution (0.1%) was prepared.
(c) Sodium benzoate solution was heated to 10, 20, 30, 40,
and 50 C and added to the container.
(2) Approximately 300 g of soybean grains were added for
hydration;
(3) Samples were withdrawn at predetermined time intervals
until the equilibrium moisture content was reached;
(4) Samples were placed on paper towel to remove excess sur-
face water;
(5) The moisture content of the samples was determined by the
classical method of drying at 105 C for 24 h (Adolfo Lutz,
1985).
To assess the variation of grain volume, the average volume of
the grain was determined by taking two samples of 50 soybean
grains after each time interval. After being weighed, the sample
was inserted into a 100 mL graduated cylinder, which initially con-
tained 50 mL of water, and the displaced volume was divided by
the number of grains. The average value obtained was assumed
as the volume of a sphere (V = 4pR3/3), so that it was possible to
obtain the average grain radius (R). This procedure was carried
out during the hydration period and the grain volume obtained
was recorded as a function of time. The same procedure was ap-
plied for the ﬁve different temperatures.
3. Theory
3.1. Mass balance in the soybean grain
As assumed by Hsu (1983), soybean grains are spherical, diffu-
sion takes place only in the radial direction, and the diffusioncoefﬁcient is a function of moisture content. A mass balance on a
differential volume element of the soybean grain, combined with
Fick’s ﬁrst law of diffusion, gives Eq. (1).
@X
@t
¼ 1
r2
@
@r
r2D
@X
@r
 
ð1Þ
The functional relationship between diffusion coefﬁcient and
moisture content is given by Eq. (2), according to Hsu (1983),
who had observed in previous works that diffusivity might vary
exponentially with moisture content.
D ¼ DOek1X ð2Þ
The initial and boundary conditions for the problem described
by Eq. (1) are given by Eqs. (3)–(5). Eq. (3) represents the initial
condition that assumes that moisture content is initially uniform
throughout the grain. There are no moisture gradients in the center
of the grain, as seen in Eq. (4), which is also known as symmetry
condition. The moisture content on the surface behaves as a ﬁrst
order process with respect to time according to Eq. (5).
X ¼ X0 for all r and t ¼ 0 ð3Þ
@X
@r
¼ 0 for r ¼ 0 ð4Þ
X ¼ ð1 ebtÞXeq þ X0ebt for r ¼ R ð5Þ
In the present study grain volume variation will be represented
by the radius versus time function obtained by Coutinho (2006)
and given by Eq. (6). This function was obtained from grain diam-
eter measurements of samples withdrawn during hydration. It was
observed by Coutinho (2006) that temperature had no signiﬁcant
inﬂuence on the relationship given by Eq. (6), so it was used for
all temperatures studied in the present work.
Rp ¼ 0:0035þ 2:302:104:t0:3012 ð6Þ3.2. Calculation
The insertion of Eq. (2) into Eq. (1) yields:
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¼ D0ek1X @X
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 
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@r2
" #
ð7Þ
In order to solve the model numerically, the ﬁnite difference
method was used for the discretization of the derivatives with re-
spect to the radius. With this method, Eq. (7) becomes a general
formula that generates a system of differential-algebraic equations
given by Eq. (8). Since Eq. (8) is algebraic with respect to the radius,
the integration – including the conditions of the problem – will be
performed only over time.
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The initial and boundary conditions for solving Eq. (8) are given
by Eqs. (9)–(11).
X ¼ X0 for all r and t ¼ 0 ð9Þ
X2 ¼ X1 for r ¼ 0ði ¼ 0Þ ð10Þ
For r = R (i = N + 2), the boundary condition is:
XNþ2 ¼ ð1 ebtÞXeq þ X0ebt ð11Þ
The number of divisions of the radius (N) was chosen as 60,
according to Coutinho (2006), who demonstrated by simulation
that there was no signiﬁcant difference among the proﬁles ob-
tained for 50 6 N 6 70. A larger number of divisions of the radial
coordinate of the grain could be used in order to obtain more accu-
rate proﬁles. However, besides there being no signiﬁcant difference
with the use of the proposed range, the computational time to
solve the system given by Eqs. (8)–(11) would be considerably
higher.
During the analysis of the system of differential equations given
by Eqs. (8)–(11), this system was found to be stiff. Stiff problems
are characterized by the signiﬁcantly different magnitudes of the
gradients inside the grains, making it more difﬁcult to solve the
problem numerically (Yang et al., 2005). Therefore, this system of
differential-algebraic equations was solved by MATLAB using the
command ‘‘ode15s’’, which is speciﬁc for stiff problems.
To represent the variation of grain volume during the hydration
process, the increment dr in Eq. (8) was related to Eq. (6) according
to Eq. (12).
dr ¼ Rp
N
ð12Þ
The increment dr represents, therefore, the volume increase at
each point of the grain, due to water absorption over time. For each
radial position there is a radius argument modiﬁed by the absorp-
tion of water. The argument values increase until the grain reaches
moisture contents close to the equilibrium value. Then, the volume
tends to stop increasing, as the moisture gradient which acts as
driving force for mass transfer almost disappears.
The mean values for the models were averaged over the volume
of the grain through Eq. (13). This was done so that the values cal-
culated by the model could be compared with experimental data.
The experimental data used for the validation of the model were
average values obtained from the repetition of the hydration
experiment for all temperatures.
X ¼
R R
0 X  r2drR R
0 r
2dr
ð13Þ
The effective diffusion coefﬁcients were calculated from the
average of the diffusivities in the grain volume, according to Eq.
(14).Table 1
Initial and equilibriummoisture contents for different temperatures (Coutinho, 2006).
T (C) X0 Xeq
10 0.1063 ± 0.008 1.7409 ± 0.015
20 0.1065 ± 0.004 1.7078 ± 0.020
30 0.1033 ± 0.001 1.7580 ± 0.015
40 0.1069 ± 0.011 1.6747 ± 0.065
50 0.1070 ± 0.004 1.7474 ± 0.070Deff ¼ D0
R R
0 e
k1X  r2drR R
0 r
2dr
ð14Þ
The initial and equilibrium moisture contents are shown in Ta-
ble 1 (Coutinho, 2006). All values are averages from the experi-
mental data obtained in duplicate and are shown with their
respective standard deviations. It can be observed that tempera-
ture had practically no inﬂuence on equilibrium data in this range
of operating conditions.
Only experimental data from the transient region of the hydra-
tion process was used to adjust the parameters, since only the
cases with the lowest temperatures (10 and 20 C) converged sat-
isfactorily when the whole set of experimental data was used. The
increase in temperature makes steeper the slope of the moisture
content proﬁle, reinforcing the stiff characteristics of the problem.
The order of magnitude of the derivatives of the dependent vari-
ables become more and more different from each other before
steady state is reached. Therefore, the relationship given by Eq.
(15) was used as a criterion for the selection of the amount of
experimental data used to ﬁt the parameters, that is, the chosen
experimental data presented maximum values of 84.5% of the
equilibrium moisture content. For the cases where convergence
was achieved with all experimental data (10 and 20 C), the same
values were obtained for the parameters when the criterion given
by Eq. (15) was applied. Thus, this criterion was applied for all
temperatures.
Xmax ¼ 0:845Xeq ð15Þ
The objective function to be minimized by the least squares
method to obtain the optimal parameters is given by Eq. (16).
/ ¼
XNþ2
i¼1
Xi  Xiexp
 2
ð16Þ
The integrals contained in Eqs. (13) and (14) were solved by the
command trapz and the objective function given by Eq. (16) was
minimized using the command fminsearch, both from MATLAB.4. Results
In order to adjust only the parameters that actually inﬂuenced
the behavior of the models, all parameters were subjected to para-
metric sensitivity analysis. Parameters were varied by ±40% as seen
in Figs. 1 and 2 for constant volume and variable volume respec-
tively. The model showed no sensitivity to b, either at constantFig. 1. Parametric sensitivity for the Hsu model at constant volume.
Fig. 2. Parametric sensitivity for the Hsu model at variable volume.
Fig. 3. Comparison between experimental data and values calculated with Hsu
model.
Table 2
Average quadratic residues (/m).
T (C) Constant V Variable V
10 6.646  104 ± 3.578  105 8.889  104 ± 1.584  105
20 8.083  104 ± 3.907  105 1.089  103 ± 2.334  104
30 8.822  104 ± 1.175  105 9.137  104 ± 2.784  105
40 8.451  104 ± 3.743  105 1.070  103 ± 1.420  104
50 1.706  103 ± 1.451  105 1.665  103 ± 5.184  104
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values from the literature, obtained by Coutinho et al. (2010a),
were assigned to this parameter at constant and variable volume.
The deviations between moisture content values (X) estimated
by the models and experimental data were within ±12% for both
constant volume and variable volume cases and are shown in Fig. 3.
Considering the analysis of the average quadratic residues –
which are presented in Table 2 – it is clear that although the same
behavior and the same order of magnitude were observed for the
variable volume and constant volume cases, the average quadratic
residues were lower at constant volume except at 50 C. The aver-
age quadratic residues were calculated as an average of duplicate
values and are shown with their respective standard deviations.The adjusted parameters are shown in Table 3. They were ob-
tained as an average of the parameters individually adjusted for
each duplicate test. D0 values were found to increase with increas-
ing temperature in both cases. However, when the increase in vol-
ume was taken into consideration, higher D0 values were obtained
compared with the constant volume case. This difference was one
order of magnitude. In addition, the variable and constant volume
models led to a good estimate of D0, as they presented low stan-
dard deviations (Fig. 4). This indicates that as the moisture content
inside the grain increases, the change in the diffusion coefﬁcient
becomes stronger. This variation, in the case of variable volume,
was approximately ten times greater than in the case of constant
volume. Such behavior shows that when the increase in grain vol-
ume is taken into account, water diffusion into the grain is larger. It
was also observed that temperature had greater inﬂuence on D0 in
the case of variable volume. Besides the difference of one order of
magnitude, the temperature inﬂuence led to higher increase in D0
in the case of variable volume, as shown in Fig. 4. These results
suggest that the assumption of constant volume in the mathemat-
ical modeling possibly masked the true temperature inﬂuence on
D0 behavior, as the hypothesis of variable volume was in better
accordance with the actual hydration process, in which a change
of approximately 30% in grain volume was observed.
In the case of constant volume, k1 decreased with increasing
temperature, while an opposite behavior was observed in the case
of variable volume. The difference between k1 values from both
cases decreased with increasing temperature, changing from
81.82% at 10 C to 9.30% at 50 C. The variation of k1 with temper-
ature, decreasing at constant volume and increasing at variable
volume, is clearly seen in Fig. 5. k1 values behaved differently in
the constant and variable volume cases, but presented signiﬁcantly
smaller standard deviations in the variable volume case (Fig. 5).
This difference, as in the case of D0, must be related to the adjust-
ment of k1 from a model that considers the more realistic hypoth-
esis of volume variation. There is even a reversal of k1 behavior as a
function of temperature when constant and variable volume mod-
els are compared. As for b, it was not analyzed graphically, as it had
no signiﬁcant inﬂuence on the model in both cases. Thus, the val-
ues assumed for this parameter were those obtained by Coutinho
et al. (2010a).
For the temperature of 30 C, for example, the values obtained by
Hsu (1983) and Coutinho et al. (2010b) for D0 were 5.942  1011
m2/s and 3.123  1011 m2/s, respectively. In the present study D0
values obtained for this temperature were 8.524  1011 m2/s for
constant volume and 11.250  1010 m2/s for variable volume. In
the case of constant volume the value had the same order of magni-
tude, differing 30.30% from that of Hsu (1983) and 63.36% from that
of Coutinho et al. (2010b). However, the result obtained at variable
volume was one order of magnitude higher. k1 values obtained in
the present study were 0.068 kgDS/kgwater at constant volume and
0.027 kgDS/kgwater at variable volume. Hsu (1983) and Coutinho
et al. (2010b) obtained, respectively, 0.647 and 0.516 kgDS/kgwater.
Thesevalues are signiﬁcantlyhigher than thoseobtained in thepres-
ent study. b Values used in this study were the same presented by
Coutinho et al. (2010b) and obtained by Coutinho (2006) for the
same soybean cultivar. Therefore, no comparison was possible.
The moisture proﬁles represented in Fig. 6a and b refer to the
temperature of 10 C. At that temperature proﬁles were more
spaced and easier to be observed. As the solution of the differential
equation of the hydration process generates a 3-D surface that re-
lates moisture content with time and radius, cuts of this surface
will be analyzed. Fig. 6a presents moisture content proﬁles as a
function of radius for various times and Fig. 6b presents moisture
versus time curves for various radial positions of the soybean grain.
In the initial moments of hydration at 10 C, the moisture
versus radius and moisture versus time proﬁles for the constant
Table 3
Adjusted parameters.
T (C) HSU constant V HSU variable V
D0  1011 k1 b  103 D0  1010 k1 b  103
10 3.206 ± 0.159 0.099 ± 0.003 5.078 4.810 ± 0.085 0.018 ± 0.0001 5.078
20 5.766 ± 0.035 0.083 ± 0.005 4.026 7.859 ± 0.087 0.021 ± 0.0002 4.026
30 8.524 ± 0.205 0.068 ± 0.006 4.602 11.250 ± 0.017 0.027 ± 0.0002 4.602
40 13.356 ± 0.642 0.055 ± 0.001 5.535 17.349 ± 0.077 0.033 ± 0.0006 5.535
50 17.108 ± 0.797 0.043 ± 0.001 8.732 23.189 ± 0.080 0.039 ± 0.0006 8.732
Fig. 4. Comparison between D0 values obtained at constant and variable volume.
Fig. 5. Comparison between k1 values obtained at constant and variable volume.
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lapped (Figs. 6a and 6b). As hydration proceeded, moisture proﬁles
became distanced from each other, and in the case of variable
volume, the moisture content values as a function of radius were
larger than in the case of constant volume. This shows that when
the increase in grain volume during hydration is taken into consid-
eration, the amount of water absorbed is greater. The fact that D0
was ten times greater than in the case of constant volume also con-
tributes to this larger amount of moisture absorbed.
At the center of the grain, the distinction between the proﬁles
for constant and variable volume appeared from approximately
6700 s (Fig. 6b). The amount of water absorbed in the case of var-
iable volume was greater than in the case of constant volume. Thecloser to the surface of the grain, the more the proﬁles overlapped,
as at the surface the moisture content was the same for both cases.
The average moisture content values calculated by the models
for the temperature of 10 C became distanced from each other
after approximately 24,000 s and came again close to each other
after 150,000 s. Although there was some distance between the
proﬁles of average values versus time for constant and variable vol-
ume, it was not very pronounced (Fig. 6c). However, when there
was such distance, moisture content was higher in the case of var-
iable volume.
The time (teq) at which the whole grain reaches 99% of the equi-
libriummoisture content (Xeq) was calculated based on the average
moisture content values obtained with the constant volume and
variable volume models. The values obtained for teq with the
respective standard deviations are shown in Table 4 for all exper-
imental temperatures and are an average of results obtained in
duplicate.
Under the variable volume hypothesis, equilibrium times were
shorter than in the case of constant volume for all temperatures.
Considering the higher values of diffusivity and the proﬁles that
show that, in the case of variable volume, the grain absorbed more
water, less time was needed for the whole grain to reach 99% of the
equilibrium moisture content. Therefore, Table 4 is in agreement
with the observed facts.
Although the constant volume model showed better ﬁt at most
temperatures, the variable volume hypothesis is more realistic in
the hydration process. Therefore the equilibrium times resulting
from the variable volumemodel are also more realistic. The biggest
difference between the equilibrium times was observed at 50 C
(15.73%) and the smallest at 20 C (7.63%).
Diffusion coefﬁcients varied with radius for the temperature of
10 C. For the constant volume case D ranged between 3.24 
1011 m2/s and 3.81  1011 m2/s and for the variable volume case
this variation was from 4.82  1010 m2/s to 4.97  1010 m2/s. The
range of variation ofDwas narrower at 50 C: from1.72  1010 m2/
s to 1.84  1010 m2/s with constant volume and from 2.33 
109 m2/s to 2.48  109 m2/s with variable volume.
The values at variable volume were one order of magnitude
greater than those at constant volume by the end of hydration,
although in the case of variable volume D varied in a narrower
range as shown in Figs. 7 and 9 for 10 C and Figs. 8 and 10 for
50 C. This variation with radius motivated the use of Eq. (14) to
calculate the effective diffusion coefﬁcient as an average of diffu-
sion coefﬁcients in the volume of the grain. Results based on Deff
are more meaningful as they represent an average of all the coefﬁ-
cients that may vary within the grain.
The effective diffusion coefﬁcient (Deff) changed with tempera-
ture. When compared on the same scale (Fig. 11), Deff values varied
from 0.1  109 m2/s at 10 C to 0.6  109 m2/s at 50 C with con-
stant volume and from 1.5  109 m2/s at 10 C to 7.5  109 m2/s
at 50 C with variable volume. It is clear that Deff variation with
temperature was larger in the variable volume case, suggesting
that Deff values obtained at constant volume have no physical
meaning.
Fig. 6. Comparison of the models: (a) along the radius, (b) along time, and (c)
comparison of average simulated values with experimental data.
Fig. 7. Diffusion coefﬁcient as a function of radius for different times at 10 C –
constant volume.
Table 4
Equilibrium times (teq) for different temperatures.
T (C) Constant volume Variable volume
10 142,404 ± 1236 124,242 ± 681
20 83,511 ± 633 77,137 ± 652
30 56,889 ± 516 52,073 ± 701
40 38,368 ± 1807 32,219 ± 1415
50 29,977 ± 1312 25,263 ± 1190
Fig. 8. Diffusion coefﬁcient as a function of radius for different times at 50 C –
constant volume.
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ture content in both constant and variable volume cases (Figs. 12
and 13).
The behavior of Deff as a function of moisture content and tem-
perature was well correlated for the two cases by Eq. (17)
(R2 = 0.9957 for constant volume and R2 = 0.9980 for variablevolume). The surfaces shown in Figs. 13 and 14 and the coefﬁcients
of Eq. (17) were obtained using the MATLAB Curve Fitting Toolbox.
Deff ¼ a0 þ a1X þ a2T þ a3X2 þ a4XT þ a5T2 ð17Þ
The 95% conﬁdence intervals for the parameters were narrow in
both cases, indicating that the parameters were well determined
(Table 5 for constant volume and Table 6 for variable volume).
For the constant volume case the sum of squared errors
(SSE ¼PNþ2i¼1 wiðXi  XiexpÞ2) was 1.779  1020 and the root mean
of squared errors (RMSE ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃSSE=tp ) was 1.068  1011. At variable
volume SSE was 1.444  1018 and RMSE was 9.629  1011
Fig. 9. Diffusion coefﬁcient as a function of radius for different times at 10 C –
variable volume.
Fig. 10. Diffusion coefﬁcient as a function of radius for different times at 50 C –
variable volume.
Fig. 11. Comparison of Deff variation with T for the constant and variable volume cases.
Fig. 12. Adjusted surface relating Deff, X, and T – constant volume.
Fig. 13. Adjusted surface relating Deff, X, and T – variable volume.
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Fig. 14. Deff  X cuts of Fig. 12 for different temperatures – constant volume.
Table 5
Coefﬁcients of Eq. (17) for constant volume.
Hsu constant volume
Coefﬁcients Conﬁdence interval (95%)
Min Max
a0 3.367  1011 2.261  1011 4.473  1011
a1 4.589  1012 2.014  1011 1.096  1011
a2 5.217  1012 4.591  1012 5.844  1012
a3 6.916  1012 3.190  1013 1.415  1011
a4 3.101  1013 1.152  1013 5.050  1013
a5 8.971  1014 7.976  1014 9.966  1014
Table 6
Coefﬁcients of Eq. (17) for variable volume.
Hsu variable volume
Coefﬁcients Conﬁdence interval (95%)
Min Max
a0 1.077  109 9.775  1010 1.176  109
a1 1.113  1010 2.525  1010 2.995  1011
a2 2.184  1011 1.620  1011 2.749  1011
a3 2.395  1011 4.181  1011 8.971  1011
a4 6.370  1012 4.626  1012 8.113  1012
a5 1.939  1012 1.850  1012 2.029  1012
Fig. 15. Deff  X cuts of Fig. 13 for different temperatures – variable volume.
Fig. 16. Deff  T cuts of Fig. 12 for different moisture contents – constant volume.
Fig. 17. Deff  T cuts of Fig. 13 for different moisture contents – variable volume.
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relative weight of the experimental data and t represents the num-
ber of degrees of freedom.
The range of Deff variation caused by temperature increase was
hardly affected as moisture content increased (Fig. 14). In the con-
stant volume case, Deff varied from 1.0  1010 m2/s at 10 C to
5.2  1010 m2/s at 50 C for low moisture contents and from
1.1  1010 m2/s at 10 C to 5.6  1010 m2/s at 50 C for high
moisture contents.
The same behavior was observed with variable volume
(Fig. 15): Deff ranged from 1.5  109 m2/s at 10 C to
7.0  109 m2/s at 50 C for low moisture contents and from
1.5  109 m2/s at 10 C to 7.5  109 m2/s at 50 C for high mois-
ture contents.
The small inﬂuence of moisture content on Deff can be better
observed in Fig. 16 for constant volume and in Fig. 17 for variable
volume. In the ﬁrst case an increase in moisture content from
0.1033 to 1.7582 kgwater/kgDS caused an increase of only
0.1  1010 m2/s in Deff at 10 C and of 0.4  1010 m2/s at 50 C.For variable volume the same increase in moisture content
did not change Deff at 10 C and caused an increase of 0.5 
109 m2/s at 50 C.
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Hsu model did not show parametric sensitivity to b, either at
constant or variable volume, so typical values from the literature
were assigned to this parameter. For both cases the ﬁtting was sat-
isfactory with deviations of ±12% between calculated and experi-
mental values. The model which takes into account variable
volume was considered better because presented low average qua-
dratic residues and is more realistic.
The parameter D0 was higher inﬂuenced by temperature for
variable volume and was one order of magnitude higher when
compared with the case of constant volume. The parameter k1 in-
creased with temperature for variable volume while for constant
volume it decreased. This suggests that the parameters obtained
for constant volume may not be realistic.
At 10 C, the moisture content at the center of the grain was
similarly predicted by the two models up to 6700 s. After this time
the proﬁles became distanced from each other, with higher values
for the variable volume case. The proﬁles were similar again as the
position approached the surface of the grain.
The average moisture content as a function of time at 10 C was
similar for the two cases up to 24,000 s, and then the proﬁles be-
came slightly distanced from each other, with higher moisture con-
tents in the case of variable volume. After 150,000 s the proﬁles
were again close to each other.
The equilibrium times with variable volume were shorter than
with constant volume at all temperatures. Once the moisture pro-
ﬁles predict higher moisture values for variable volume and the
equilibrium times were shoter, it could be concluded that higher
amounts of water were absorbed in this case.
The diffusion coefﬁcients varied signiﬁcantly with respect to ra-
dius. At constant volume the change in Deff caused by the moisture
increase was the same for all temperatures. As for the variable vol-
ume case, the change was not noticeable at low temperatures and
increased at high temperatures.
Correlations of effective diffusivity (Deff) were well adjusted to
the Deff versus X, T surface at constant volume (R2 = 0.9957, SSE =
1.779  1020, and RMSE = 1.068  1011) and at variable volume
(R2 = 0.9980, SSE = 1.444  1018, and RMSE = 9.629  1011).References
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